Abstract Neural circuits associated with retinal ganglion cells have long been used as models for investigating the mechanisms that govern circuit development and function. Similar to neurons in the brain, retinal ganglion cells are subdivided into distinct classes based upon their morphology, physiology, and patterns of connectivity. Newly developed transgenic tools in which individual classes of retinal ganglion cells are labeled with reporter proteins have recently provided a method to study the development of their class-specific circuitry. Here, we examine a single class of intrinsically photosensitive retinal ganglion cells and discuss their class-specific circuitry, as well as the cellular and molecular mechanisms that govern assembly of this circuitry.
A defining principle in neural development is that distinct classes of neurons are assembled into neural circuits with functionally different outputs. One of the best examples of such class-specific neuronal wiring occurs in the vertebrate retina whose function is to convey light-derived information to the brain.
The retina is a layered structured that contains five main cell types: photoreceptors, bipolar cells, horizontal cells, amacrine cells, and retinal ganglion cells (RGCs) (Fig. 1 ) [1, 2] . Rod and cone photoreceptors, the main lightsensitive cells in the retina, reside in the outermost layer of the retina-the outer nuclear layer (ONL) (Fig. 1) . Presynaptic terminals of these photoreceptors synapse onto dendrites of bipolar cells, whose somas reside in a second parallel cell layer termed the inner nuclear layer (INL) (Fig. 1) . Photoreceptors produce two different responses in bipolar cells depending on the neurotransmitter receptor type. Bipolar cells expressing metabotropic glutamate receptors are activated by photoreceptors following the onset or increase of a light stimulus; these bipolar cells are referred to as ON-bipolar cells. In contrast, bipolar cells expressing ionotropic glutamate receptors are activated following the decrement or removal of light stimuli and are therefore termed OFF-bipolar cells. Both classes of bipolar cells extend their axons into the inner plexiform layer (IPL), a cell-free retinal layer, where they synapse onto dendrites of RGCs (Fig. 1) . Bipolar cell-RGC synapses are segregated within the IPL such that terminals of OFF-bipolar cells reside in the outer two fifths of the IPL, whereas ON-bipolar cell terminals reside in the inner three fifths of the IPL. Because of the separation of OFF-and ON-bipolar inputs, the IPL is divided into "OFF" and "ON" divisions ( Fig. 1) . Finally, RGCs, the output neurons of the retina, project their axons to specific nuclei within the brain, termed retino-recipient nuclei. While light-induced signals are transmitted through the three-neuron pathway described above (i.e., photoreceptor-bipolar cell-RGC pathways), it can also be influenced by synaptic input from inhibitory and modulatory interneurons, namely horizontal and amacrine cells (Fig. 1 ).
Circuit diagrams of the retina as described above (and illustrated in Fig. 1 ) are vastly oversimplified. Each cell type can be sub-divided into distinct classes based upon morphology, connectivity, and function such that there may be over 100 different types of neurons in the retina alone [1] [2] [3] . At present, over 20 classes of RGCs have been identified in the mammalian retina [4] each having unique, stereotyped synaptic connections with distinct classes of bipolar cells and amacrine cells [1] [2] [3] . Therefore, in addition to the ON and OFF divisions, the IPL can be divided into at least five parallel sublaminae (termed S1-S5) based on these stereotyped connections. Moreover, each class of RGC projects an axon to one or more of the~20 different retino-recipient nuclei within the brain (e.g., [5] [6] [7] ). Despite the considerable attention that these cell types and their associated circuitry have received, we know relatively little about the cellular and molecular mechanisms that govern their development. The difficulty in labeling axons and dendrites belonging to a single class of RGC has, in large part, been to blame for this. To overcome this limitation, several laboratories have harnessed the power of mouse genetics and created transgenic lines in which single classes of RGCs express reporter proteins (see [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] ). With these new tools at hand, our understanding of class-specific circuitry is rapidly expanding. In this review, we highlight recent findings on the pattern and development of connectivity of a single, specialized class of RGC-the intrinsically photosensitive RGC (ipRGC).
Intrinsically Photosensitive Retinal Ganglion Cells
Until recently, rods and cones had long been thought to be the only photoreceptive cells in the mammalian retina. This belief was challenged by a series of studies in which circadian photoentrainment, the ability to shift circadian rhythmicity in response to light-dark cycles, was preserved following rod and cone photoreceptor degeneration [19] [20] [21] [22] . The preservation of photoentrainment in the absence of rod and cone photoreceptors suggested that separate retinal circuits processed image-forming and non-image-forming responses to light (the former being responsible for vision and the later being responsible for light-induced changes in behavior that do not require vision). Moreover, the preservation of photoentrainment in the absence of rods and cones hinted that additional light-sensitive cells existed in the retina. The identification of such a novel photoreceptive cell followed the discovery that the retina not only contains rhodopsin and photopsins (the photosensitive molecules in rods and cones, respectively) but also contains an opsin sensitive to blue light [23] [24] [25] . This new opsin, termed melanopsin, is present in a small percentage of RGCs (~2-5%) that are intrinsically photosensitive, meaning that light directly leads to membrane depolarization and action potential firing [17, 18, 26, 27] . On the basis of their photosensitivity and projections to retino-recipient nuclei, these intrinsically photosensitive RGCs (ipRGCs) are thought to be irradiance detectors that code non-image-forming responses to light essential for both circadian photoentrainment and pupillary light reflexes [17, [27] [28] [29] [30] [31] . However, functions of ipRGCs are complex, as they can also activate retinal interneurons [32] , modulate spontaneous retinal activity during early perinatal life [66] , and even contribute to image-forming visual processing [18] . These cells are arranged in three distinct cell layers within the retina, the outer nuclear layer (ONL) which contains rod and cone photoreceptors, the inner nuclear layer (INL) which contains the three types of interneurons, and the ganglion cell layer (GCL) which contains both RGCs and displaced amacrine cells (dA). Synaptic connections between retinal neurons are confined to two synaptic layers-the outer plexiform layer (OPL) and inner plexiform layer (IPL).Black dashed line indicates the division of the inner plexiform layer into ON and OFF divisions. Yellow arrows highlight the path of light through the retina. IPL(off) OFF division of the inner plexiform layer, IPL(on) ON division of the inner plexiform layer, S1-S5 sublaminae of the inner plexiform layer
Since their initial discovery, ipRGCs have been subdivided into five distinct classes, termed M1-M5 ipRGCs. Such classification is based upon melanopsin expression level, dendritic morphology, sensitivity to light, intraretinal circuitry, and the pattern of their projections to retinorecipient nuclei [6, 17, 18, [33] [34] [35] [36] (Fig. 2) . M1 ipRGCs, which account for~1% of all mouse RGCs, have sparsely branched dendritic arbors which stratify in S1 of the OFF division of the IPL [6, 36] (Fig. 2) . M1 ipRGCs express highest levels of melanopsin among ipRGCs and show the greatest sensitivity to light [18, 33, 35, 36] . At least two findings suggest that M1 ipRGCs may not be a homogenous population of neurons. First, a cohort of M1 ipRGCs are displaced into the innermost region of the INL [17] (Fig. 2) . Second, some but not all M1 ipRGCs express the transcription factor Brn3b (also called POU4F2), and axons from these Brn3b-positive M1 ipRGCs target different regions of brain than Brn3b-negative M1 ipRGCs [67] . M2 ipRGCs are equally as abundant as M1s but express significantly lower levels of melanopsin and are only weakly photosensitive. In terms of their morphology, M2 ipRGCs differ from M1s in that they have slightly larger somas and more elaborate dendritic arbors that stratify in S5 of the ON division of the IPL [18, [33] [34] [35] [36] (Fig. 2) .
Somas of both M1 and M2 ipRGCs are evenly spaced across the entire retina, and their dendrites each tile the entire retina (except for the fovea in higher mammals [37] ) such that their dendritic fields overlap to generate "photoreceptive nets" [29, 34] . There are considerably fewer M3 ipRGCs, raising the question of whether they are a distinct class of RGC or simply a variant of other ipRGCs. M3 ipRGCs are similar to M2s in terms of their level of melanopsin expression, sensitivity to light, soma size, and dendritic fields [34, 38] ; however, their dendrites bifurcate to stratify in both S1 and S5 of the IPL [34, 36, 38] (Fig. 2) . Despite being intrinsically photosensitive, M4 and M5 ipRGCs have been the least studied of all ipRGCs since they express the lowest levels of melanopsin and show little (if any) melanopsin immunoreactivity [18, 34] . M4 ipRGCs have large somas and large radiant dendritic arbors stratifying in the ON division of the IPL [18] (Fig. 2) . Lastly, M5 ipRGCs are weakly photosensitive and are readily distinguished from all other ipRGCs on the basis of their small dendritic fields and bushy dendritic arbors [18] ( Fig. 2 ).Since we focus on morphological differences of ipRGCs here, we encourage readers to view another recent review that describes physiological differences in ipRGCs in detail [68] . With the identification and characterization of these five classes of ipRGCs, efforts are underway to delineate their associated circuitry both at the level of the retina and within the brain. Thus far, the greatest progress has been made in our understanding class-specific circuitry of M1 ipRGCS.
Intraretinal Circuitry of M1 ipRGCs
The unique morphology and high level of melanopsin expression of M1 ipRGCs has allowed their unambiguous identification using standard immunohistochemical and retrograde labeling techniques. This in turn has facilitated the use of ultrastructural and electrophysiological approaches to decipher M1 ipRGC circuitry within the retina. Such analyses have shown that M1 ipRGCs are not only intrinsically photosensitive but are also incorporated into intraretinal circuits and are "extrinsically" activated by bipolar cells similar to conventional classes of RGCs [37, 39, 40] . As described above, M1 ipRGCs arborize in the OFF division of the IPL and therefore receive input from OFF-bipolar cells (Fig. 3a) . However, physiological recordings have revealed that these OFF-bipolar inputs are only weak [40] . Unexpectedly, these same studies demonstrated that M1 ipRGCs receive strong input from ON-bipolar cells, a surprising finding given the dendritic morphology of M1 ipRGCs [40] . One possible explanation for this phenomenon is that ON-bipolar cells synapse onto M1 ipRGC somas and dendritic shafts within the ON division of the IPL [41] (Fig. 3a) ; however, receptive field mapping suggested that ON-bipolar inputs are present throughout entire M1 ipRGC dendritic arbors and not just near their somas [40] . More revealing was the peculiar and remarkable discovery that a class of ON-bipolar cell synapses onto M1 ipRGC dendrites within the OFF division of the IPL-a finding that challenges the prevailing thought that spatial segregation of inputs into ON or OFF divisions of the IPL is critical for the transmission of light stimuli [42-44; see also 47] (Fig. 3a) . The functional significance of these unconventional ON-bipolar cell synapses remains unclear. Lastly, in addition to receiving information from cone photoreceptors via ON-and OFF-bipolar cells, M1 ipRGCs also receive input from a third type of bipolar cell, rod bipolar cells, which are activated by rod photoreceptors [40] . Synapses from rod bipolar cells have been observed on the soma and proximal dendrites of M1 ipRGCs ( [45] ; but see [44] ); however, they may also influence ipRGC activity through more conventional pathways that include amacrine cells [1] (Fig. 3a) .
In addition to being activated by bipolar cells, M1 ipRGC activity is modulated by amacrine cells. Ultrastructural analyses and electrophysiological recordings have demonstrated that inhibitory amacrine cells synapse onto M1 ipRGCs [40, 41] , and dye-tracer experiments have shown that these ipRGCs are also gap junction coupled to displaced amacrine cells within the ganglion cell layer (GCL) [46] (Fig. 3a) . Thus far, the most well-characterized input onto M1 ipRGCs originates from dopaminergic amacrine cells, a class of neuromodulatory retinal cells. Dendrites of these dopaminergic amacrine cells co-stratify with and form reciprocal connections with M1 ipRGC dendrites in the OFF division of the IPL [32, 36, 38] . Such reciprocal connections provide one mechanism through which M1 ipRGCs exert unconventional influence on information processing in the INL (Fig. 3a) .
How all of these stereotyped M1 ipRGC-specific circuits develop within the retina remains largely unclear. An attractive hypothesis is that synaptic specificity is driven by the targeting of axons and dendrites to specific sublaminae of the IPL [48, 49] . A recent study sought to test this hypothesis by examining whether semaphorins, a well-characterized family of axon guidance cues [50] , and their receptors (neuropilins and plexins) contribute to laminar stratification and circuit formation of M1 ipRGCs and dopaminergic amacrine cells [51] . Dopaminergic amacrine cells (and presumably other classes of cells whose dendrites arborize in S1 and S2 of the OFF division of the IPL) express PlexinA4, whereas transmembrane semaphorin6A (Sema6A), which acts as a repulsive ligand for neurons expressing PlexinA4 [52, 53] , is enriched in S3-S5 of the ON division of the IPL (Fig. 3b) [51] . Genetic deletion of either Plexin4A or Sema6A results in the misrouting of dopaminergic processes into the ON division of the IPL [51] (Fig. 3c) . M1 ipRGC dendrites are also misrouted into the ON division of the IPL in these mutants but remain co-ramified with the processes of dopaminergic amacrine cells. Since M1 ipRGCs express neither Sema6A nor PlexinA4, it is likely that the misrouting of their dendrites is an indirect consequence of aberrant laminar specification of dopaminergic amacrine processes [51] (Fig. 3c) . Whether other inputs onto M1 ipRGCs or dopaminergic amacrine cells (such as those from ONbipolar cells) correctly target mislocalized dendrites in these mutants remains unclear. Taken together, these results suggest that synapse specificity remains intact in these mutants despite defects in sublaminar specificity and hint that intraretinal wiring requires different cues for directing sublaminar and synaptic specificity. Cues that direct intraretinal synaptic specificity of M1 ipRGCs have yet to be elucidated.
Targets of M1 ipRGC Axons in the Brain
While immunolabeling of M1 ipRGCs has proved useful for decoding intraretinal synaptic partners, it cannot be employed to identify M1 ipRGC axons in brain. Although melanopsin is present on ipRGC axons within the retina, it is absent from these axons once they exit the retina. It is for this reason that transgenic labeling techniques have been instrumental in assessing retinorecipient nuclei targeted by M1 ipRGCs. Typically, individual classes of RGCs (or other types of cells) have been transgenically labeled by driving reporter protein expression with a class-specific promoter. To date, no such class-specific promoter has been identified that distinguishes M1 ipRGCs from non-M1 ipRGCs, conventional RGCs or neurons within the brain. However, the generation of a transgenic mouse in which lacZ-the bacterial gene encoding beta-galactosidasewas inserted in place of the melanopsin gene (opn4) fortuitously created a tool that specifically labels M1 ipRGCs [6, 17] . Most likely, specificity of M1 ipRGC labeling in these mice results from poor sensitivity of betagalactosidase and high expression of melanopsin by this class of neurons. These mice, termed opn4 tau-lacZ/+ mice, have been essential in delineating retino-recipient nuclei innervated by M1 ipRGCs.
Five CNS nuclei receive dense projections from M1 ipRGCs-the suprachiasmatic nuclei (SCN), the ventral lateral geniculate nuclei (vLGN), the intergeniculate leaflet (IGL), the lateral habenula (LH), and the peripheral region of the olivary pretectal nucleus (OPN) (termed the OPN "shell") [6, 18, 54, 55] (Fig. 4a) . These nuclei are largely non-image-forming visual nuclei whose functions include (but are not limited to) irradiance detection, pupillary light reflexes, and circadian photoentrainment. A number of other diencephalic and midbrain nuclei also receive input from M1 ipRGCs, but the paucity of these projections suggest that only a small subset of M1 ipRGCs project to these regions. These regions include the superior colliculus, lateral hypothalamus, lateral posterior thalamic nucleus, lateral pre-optic nucleus, periaqueductal grey, bed nucleus of the stria terminalis, medial amygdaloid nucleus, perisupraoptic area, anterior hypothalamus, and the ventral subparaventricular zone [6] . The role of M1 ipRGC input to these nuclei remains unclear but likely includes homeostatic and autonomic changes in response to light. Sparse M1 ipRGC terminal arbors have also been noted in the dorsal lateral geniculate nucleus (dLGN) at late postnatal ages [6, 18] . Although M1 and M2 ipRGCs both innervate SCN [33] , projections from the different classes of ipRGCs are likely to be quite different (see [18] ). For example, the dorsal lateral geniculate nucleus (dLGN), central core of the OPN, and superior colliculus are heavily innervated by non-M1 ipRGCs [18, 55] . A fascinating aspect of M1 ipRGC projections is that the timing of retino-recipient nuclei innervation is nuclei-specific despite single cells projecting to multiple nuclei (Fig. 4b) . For example, single M1 ipRGC axons project to both SCN and IGL [56] but innervate and arborize in IGL days before they do so in SCN [55] (Fig. 4b) . This discrepancy occurs despite M1 ipRGC axons encountering and bypassing the SCN before they innervate the IGL (Fig. 4a, b) . The timing of target innervation by M1 ipRGCs also differs from that of other non-M1 ipRGCs that co-innervate the same central nuclei. Non-M1 ipRGCs innervate the center of the OPN by birth, but M1 ipRGC axons do not arborize in the OPN "shell" until postnatal day 7 (P7), a time at which pupillary light reflexes emerge [55] (Fig. 4b) .
Mechanisms of M1 ipRGC Central Target Selection
Since Roger Sperry's seminal studies in the 1940s, the cellular and molecular mechanisms that guide RGC axons to central targets have receive considerable attention [57, 58] . At least three distinct mechanisms contribute to the targeting of RGC axons: topographic mapping, eye-specific segregation, and nuclei-specific targeting. Here, we will briefly define and describe each of these although it remains an open question as to whether M1 ipRGC axons are topographically targeted or undergo eye-specific segregation from each other.
Thus far, the most thoroughly characterized targeting mechanism of RGC axons is their sorting into topographically arranged maps [2, 59] . These maps convey the location of information in the visual field to spatially correlated regions of retino-recipient nuclei. Hence, RGCs that respond to adjacent elements in an animal's field of vision will themselves be adjacent to each other in the retina, and their axons will project to adjacent target cells in nuclei within the brain. However, retrograde injections into regions of nonimage-forming nuclei label a uniform distribution of M1 ipRGCs whose somas are not adjacent to one and other in the retina [56] . Hence, it is unclear whether M1 ipRGCs are sorted topographically or whether they need to be based upon their function in irradiance detection.
In many retino-recipient nuclei, RGC axons are also sorted into eye-specific domains, whereby axons from one eye are spatially segregated from those originating from the other eye. Such domains allow for visual maps of the two eyes to be in register and serve as building blocks for binocular vision. Input to most non-image-forming retino-recipient nuclei originates from M1 ipRGCs that reside exclusively in the contralateral eye [6] . Therefore, while M1 ipRGC axons may be segregated into eye-specific domains with other classes of RGCs in these nuclei (for example in the OPN [6, 18, 55] ), they are not segregated from other M1 ipRGC axons based upon their eye of origin. In nuclei that receive input from M1 ipRGCs from both eyes-namely the SCN and IGL [6, 56] -M1 ipRGC axons do not appear segregated based on their eye of origin but rather appear widely dispersed in overlapping regions of the target nuclei.
The third mechanism of RGC axon targeting involves the ability of an axon to select and arborize in correct retino-recipient nuclei, or in many cases the correct layer (or domain) of a retino-recipient nucleus. It is noteworthy that although we consider nuclei-and layer-specific targeting a single mechanism for the purposes of this review, they , and OPN at postnatal days 0, 3, and 7 (P0, P3, and P7, respectively) in mice. vLGN and IGL are innervated by M1 ipRGCs by P0, while SCN is innervated by P3 (although only the contralateral SCN is innervated by M1 ipRGC axons at this early age), and the "shell" of the OPN is innervated by P7. c Reelin (blue) is expressed in the ventral lateral geniculate nucleus (vLGN) and intergeniculate nucleus (IGL). M1 ipRGCs (M1) express disabled-1 (Dab1; red), an intracellular component of the reelin signaling pathway. d M1 ipRGC axons are mistargeted in spontaneously generated mouse mutants lacking either Reelin (reln rl/rl ) or Dab1 (dab1 scm/scm ) may be two distinct targeting mechanisms. While an axon from a M1 ipRGC may not be in topographic register with others, it does target specific nuclei and in some cases (such as the OPN) highly discrete domains within a single nucleus (Fig. 4a) . Mechanisms underlying nuclei-or layer-specific target selection by M1s, or other RGCs for that matter, have yet to be elucidated. One attractive hypothesis that several groups are testing is whether all nuclei innervated by a single class of RGCs express the same molecule, or a set of molecules, which allow classspecific recognition of these targets. Identification of such molecular codes has been challenging due to the diverse molecular architecture and embryonic origin of target nuclei and the temporal complexity of target innervation (see that described above for M1 ipRGCs). An alternative possibility is that unique targeting cues are present in each nucleus and RGCs must express a repertoire of receptors to identify each appropriate target nuclei. As it remains unclear which of these possible mechanisms drives ipRGC targeting, we undertook an unbiased screen to identify cues that target M1 ipRGC axons to vLGN and IGL and repel them from the adjacent dLGN (Fig. 4c) .We found that reelin (Reln), an extracellular matrix molecule with known roles in directing neuronal migration and class-specific axonal targeting [60] [61] [62] [63] , is enriched in vLGN and IGL but absent from dLGN [54] . Importantly, M1 ipRGCs express disabled-1 (Dab1), a necessary component of the reelin-signaling pathway [54, 64, 65] (Fig. 4c) . Mouse mutants lacking Reln or Dab1 have reduced M1 ipRGC arbors in IGL and misplaced arbors in inappropriate thalamic nuclei [54] (Fig. 4d) . Initially misrouted M1 ipRGC axons are correctly repelled from dLGN in the absence of either Reln or Dab1; however, repellant cues in dLGN must eventually be down-regulated or degraded since a significant portion of M1 axons erroneously invade the medial aspect of dLGN at later postnatal ages [54] (Fig. 4d) . The targeting of axons from image-forming classes of RGCs appear unaffected by the absence of Reln or Dab1. While Reln appears necessary for M1 ipRGC projections to vLGN and IGL, it is not expressed in the other main targets of M1 ipRGC axons and M1 projections to those nuclei appear unaltered in mutants lacking Reln [54] . Together, these studies reveal the first cue necessary for class-specific retinogeniculate targeting and suggest that M1 ipRGCs may use different mechanisms to target each nucleus.
Conclusion
Understanding how neural circuits form in the developing brain requires us to focus our attention on how individual classes of these neurons form specific, stereotyped circuits. In the retina, there are over 20 distinct classes of RGCeach with unique class-specific circuitry. In this review, we have highlighted the neural circuits associated with a single class of intrinsically photosensitive RGC. While our understanding of M1 ipRGC circuitry is quite remarkable given their relatively recent discovery, our understanding of the molecular mechanisms responsible for their assembly into specific circuits is still rudimentary. That being said, we know as much, if not more, about the cellular and molecular mechanisms governing M1 ipRGC wiring than any other single class of RGC. An obvious challenge facing this field is to continue the difficult task of unraveling the molecular signals that govern class-specific wiring in the retina and brain nuclei. A major question that remains to be resolved is whether conserved mechanisms of class-specific wiring exist or whether each class of neurons uses a unique set of mechanisms to establish its circuitry.
